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Supersonic Aerodynamic Character ist ics o f  a Space Shut t le  Orb i te r  
Model a t  Angles o f  Attack from 20" t o  90" 

Bernard Spencer, Jr. and Robert L. Cal loway 

INTRODUCTION 

Tne Langiey Research Center of the National Aeronautics and Space AdminSs- 
t r a t i o n  i s  cont inuing i t s  support i n  the refinement and updating o f  the Space 
Shu t t l e  Orb i te r  Aerodynamic Design Data Base ( re f .  1, ADDB). These e f f o r t s  
inc lude wind-tunnel invest igat ions i n  areas where anomalies have been noted 
between f l i g h t  and the predicted aerodynamic character is t ics  (see r e f .  21, 
refinement i n  the aerodynamic data base by supplementing previously obtained 
data, and continued studies o f  control  -surface combinations which may enhance 
vehic le handling q u a l i t i e s  o r  improve aerodynamic performance. I n  addit ion, new 
areas o f  i nves t i ga t i on  are considered on an "as requested" basis. 

One such area i s  the a b i l i t y  t o  provide a safe crew escape from the o r b i t e r  
dur ing an off-the-pad abort. This s i t u a t i o n  could occur during a launch condi- 
t i o n  i n  which the s o l i d  rocket boosters (SRB's) i g n i t e  and e i t h e r  one, two, o r  
a l l  three Space Shutt le main engines (SSME's) f a i l  t o  operate. The r e a l i z a t i o n  
t h a t  t h i s  event could occur was i l l u s t r a t e d  during the June 24, 1984, scheduled 
launch o f  the "Discovery" a t  which time SSME's one and three f a i l e d  t o  operate 
properly, and the mission was aborted fou r  seconds p r i o r  t o  SRB i g n i t i o n .  
the SRB's had i g n i t e d  w i t h  the SSME's working improperly, the fo l lowing scenario 
could have occurred: The vehic le could have been c a r r i e d  too f a r  downrange t o  
r e t u r n  t o  the launch s i t e  (RTLS) f o r  a safe landing a t  the Kennedy Space Center, 
and the vehic le would have had i n s u f f i c i e n t  t h r u s t  t o  make o r b i t  o r  reach a p r i -  
mary downrange landing s i te .  
ocean which i s  unacceptable, since i t  i s  ant ic ipated t h a t  the o r b i t e r  cannot 
wi thstand a water ditch. 

I f  

This would have resul ted i n  o r b i t e r  impact i n  the 

Wind-tunnel studies were performed a t  Langley t o  examine the f e a s i b i l i t y  o f  
crew b a i l o u t  from the o r b i t e r  side hatch located forward on the fuselage near 
the w i n g - f i l  l e t  juncture. (See r e f .  3. Results o f  these tes ts  a t  low subsonic 
speeds ind icated t h a t  wi thout considerable s t ruc tu ra l  modi f icat ion t o  the vehi- 
c les  i n  the forward hatch area, a safe crew b a i l o u t  may be only marginal ly 
successful. I n  an e f f o r t  t o  avoid major s t ruc tu ra l  modif icat ions, other means 
o f  crew escape were examined. 

Consistent ly successful ba i louts  were obtained and documented i n  reference 
3 by f l y i n g  the o r b i t e r  inver ted and e x i t i n g  through the top hatches which e x i s t  
on the "Columbia" and "Enterprise." Because o f  problems associated w i t h  the 
" inverted" crew a t t a i n i n g  access to  the top hatch, t h i s  approach may also be 
unacceptable. 
t i o n  and trimmed t o  extremely h i g h  angles o f  attack (>60° )  i n  a stable condi- 
t ion,  an e x i t  from the top hatch appears feasible. This condi t ion would also 
ensure t h a t  the crew would no t  have t o  contend w i t h  impact on the vehic le 
wings, fuselage, o r b i t a l  maneuvering system (OMS) pods, o r  v e r t i c a l  t a i l  dur ing 
escape. (See s i  de-hatch-exi t cases o f  re f .  3. ) The scenari 0,  therefore, woul d 
be t o  r i d e  the launch t o  SRB burnout, separate from the external tank (ET), and 
achieve and maintain a high-angle-of-attack condi t ion u n t i l  subsonic low- 
a1 t i t u d e  condi t ions are reached. The Langley Research Center has therefore 

However, i f  the vehicle could be maintained i n  an up r igh t  posi-  
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i n i t i a t e d  studies t o  determine o r b i t e r  aerodynamic charac ter is t i cs  i n  the 
angle-of-attack range from 20" t o  90" a t  Mach numbers from 4.6 t o  0.30, w i t h  
emphasis on vehicle s t a b i l i t y ,  control ,  and t r i m  charac ter is t i cs  above 60" angle 
o f  attack. This Mach number range spans those possible f o r  off-the-pad abor t  
s i  tua ti ons. 

The present paper presents the resu l t s  of these studies obtained i n  the 
Unitary Plan Wind Tunnel i n  the  Mach number6range from 4.60 t o  1.60 a t  Reynolds 
numbers, based on body length, o f  2.15 x 10 and 4.30 x lo6. The model used i n  
t h i s  inves t iga t ion  was a 0.00986-scale o rb i te r ,  having a blade-mounted support 
system enter ing the model i n  the region of the ve r t i ca l  t a i l .  Elevon 
def lect ions o f  O", -IOo, - Z O O ,  and -40" and body-flap def lect ions o f  Oo, - +6", 
and -12" were invest igated i n d i v i d u a l l y  and i n  combination. 
photographs a r e  also presented f o r  selected conf igurat ions and Mach numbers. 

Schl ieren 

SYMBOLS 

The forces and moments have been reduced t o  nondimensional c o e f f i c i e n t s  
based on the area, mean aerodynamic chord, and span o f  the reference wing. The 
moment reference po in t  i s  located a t  65 percent o f  the reference body length. 
(See f i g .  1.) 
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wing span, in .  

drag coef f ic ient ,  Drag/qS 

l i f t  coef f ic ient ,  L i f t / qS  

p i  tching-moment coef f i c ien t ,  P i tch ing  moment/qSc 

m a n  aerodynamic chord, in .  

reference length, in. 

1 i f t - d rag  r a t i o  

Mach number 

stagnation pressure, ps f  

free-stream Qnamic pressure, ps f  

u n i t  free-stream Reynolds number, ft-' 



S wing reference area, ft2 

T t  stagnation temperature, OF 

xCP longi tud ina l  center of pressure, in. 

a angle o f  attack, deg 

~ B F  

6, 

body-flap deflection, pos i t ive w i t h  t r a i l i n g  edge down, deg 

elevon deflection, p o s i t i v e  w i t h  t r a i l i n g  edge down, deg 

Subscripts: 

maX maximum 

m i  n minimm 

t r i m  trimmed condi t  

r e f  reference 

t reservo i r  cond 

The model used i n  

ons 

t i o n s  

MODELS 
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t h i s  invest igat ion was a cast aluminum 0.00986-scale 
o r b i t e r ,  based on vehicle 101 (Enterprise) outer  mold-line dimensions. (See 
f i g .  1 f o r  a vehic le sketch and f i g .  2 f o r  a photograph o f  the launch configura- 
t i o n  showing the top hatch e x i t  location. 1 Reference dimensions f o r  the f u l l -  
scale o r b i t e r  and f o r  the model o f  t h i s  i nves t i ga t i on  are presented i n  f i g u r e  1. 

The base o f  the model was modified t o  accommodate a blade-st ing arrangement 
which entered the model i n  the region where the v e r t i c a l  t a i l  would be located. 
A sketch o f  the model-support arrangement i s  shown i n  f igure 3, and a photograph 
o f  the model mounted i n  the Unitary Plan Wind Tunnel and showing the blade-st ing 
arrangement i n  the rear  o f  the model i s  presented i n  f i g u r e  4. 

Elevon def lect ions o f  0", -loo, -Zoo, and -40" ( t r a i l i n g  edge up), and 
body-flap def lect ions o f  0" and -12' ( t r a i l i n g  edge up), set  manually w i t h  f i x e d  
brackets, were tested i n  various combinations. Also tested were addi t ional  
body-flap set t ings o f  6" t o  determine body-flap ef fect iveness f o r  a f i x e d  
elevon s e t t i n g  a t  Mach-numbers o f  3.00, 3.40, 3.82, 4.20, and 4.60. 

TESTS AND CORRECTIONS 

The inves t i ga t i on  was performed i n  the l a w  and high Mach number t e s t  
sections o f  the Langley Uni tary P l a n  Wind Tunnel. 
of both t e s t  sections are presented i n  reference 4. The Mach numbers, 
stagnation pressures, stagnation temperatures, and Reynolds numbers fo r  the 
present i nves t i ga t i on  were as f o l l o w s :  

A descr ip t ion and c a l i b r a t i o n  
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2.00 1253 125 2.0 

2.40 1520 125 2.0 

2.80 1873 125 2.0 

3.00 2083 125 2.0 

3.40 2568 125 2.0 

3.82 3387 150 2.0 

4.20 4067 150 2.0 

4.60 48 78 150 2.0 

The stagnation dewpoint was maintained s u f f i c i e n t l y  low (-30°F) t o  insure 
t h a t  no condensation e f fec ts  would be encountered i n  e i t h e r  t e s t  section. The 
t e s t s  were made f o r  an angle-of-attack range from about 0" t o  90" a t  a s i d e s l i p  
angle o f  0". 

Forces and moments were measured by use o f  a six-component, strain-gage 

The drag resu l t s  presented herein are t o t a l  drag, which includes 

balance. The angles o f  attack were corrected f o r  de f l ec t i on  o f  the balance and 
s t i n g  due t o  aerodynamic loads, as wel l  as f o r  measured tunnel-f low 
angular1 ty. 
the e f fec ts  o f  base drag. Boundary-layer t r a n s i t i o n  was a r t i f i c a l l y  f i x e d  w i t h  
single-spaced carborundum grains (1/16-inch spacing) having a nominal diameter 
o f  0.012 inch and a f f i x e d  1.2 inch behind the nose o f  the model, and located 
0.365 inch  behind the leading edge o f  the 45" po r t i on  o f  the wing, and 0.125 
inch behind the leading edge o f  the 81" po r t i on  o f  the wing. 
selected by use o f  the methods described i n  reference 5 i n  an e f f o r t  t o  assure 
tu rbu len t  flaw over the model. 

G r i t  s i z i n g  was 

RESULTS AND DISCUSSION 
., 

Presentation o f  Results 

Va l i d  Angle-of-Attack Range.- As previously stated (and shown i n  f i g .  41, 
the model was supported by a blade-st ing arrangement which adversely influences 
the data i n  the low-to-moderate angle-of-attack range. 
fore, only data i n  the angle-of-attack range from 20" t o  90" are presented. 

(See f ig .  5 . )  There- 
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Va l id  Mach Numbers.- A t  the lowest t e s t  Mach number o f  1.60, a tunnel wal l  
shock r e f l e c t i o n  impinged on the support system j u s t  a f t  o f  the model, as i n d i -  
cated by the schl ieren photograph shown i n  f igure 6a a t  53" angle o f  attack. A t  
a = 70" ( f ig.  6b), the interference shock i s  shown impinging on the model, thus 
l i m i t i n g  the maximum v a l i d  t e s t  angle o f  attack a t  M = 1.60. The force-and- 
moment data obtained a t  M = 1.60 are c l e a r l y  a f fected by t h i s  shock impingement 
and therefore are inva l id .  (See figs. 7 and 9a. The trends (even f o r  con- 
t r o l s  def lected) seem t o  i nd i ca te  s im i la r  stable, trimmable condit ions as was 
noted f o r  the higher Mach number interference-free cases. 
data f o r  t h i s  Mach number ( M  = 1.60) are presented. 

However, no summary 

Figures 7a and 7b present the e f fec ts  o f  Mach number i n  the range 1.60 t o  
2.80 f o r  elevon de f l ec t i on  (6e) and body-flap de f l ec t i on  ( 6 ~ ~ 1  equal t o  
zero, and for  6, = do" ,  ~ B F  = -12", respectively. Figures 8a and 8b pre- 
sent the e f f e c t s  o f  Mach number i n  the range 3.00 t o  4.60 f o r  6, = ~ B F  = 0" 
and f o r  6, = -4O", ~ B F  = -12", respectively. Figures 9 and 10 present the 
e f f e c t  o f  elevon def lect ion on the longi tud ina l  aerodynamic cha rac te r i s t i cs  a t  
each t e s t  Mach number w i t h  the body-flap def lected 0" and -12", respectively. 
F igure 11 presents the e f f e c t s  o f  body-flap de f l ec t i on  on the longi tud ina l  aero- 
dynamic cha rac te r i s t i cs  o f  the model w i t h  elevons f i x e d  a t  -20" f o r  Mach numbers 
of 3.00, 3.40, 3.82, 4.20, and 4.60. 

Discussion 

Effect of Mach Number.- Increasing Mach number produced a progressive 
reduct ion i n  the value o f  C L , ~ ~  r e s u l t i n g  from reduction i n  p o s i t i v e  l i f t -  
curve slope associated w i th  the increase i n  Mach number. It i s  i n t e r e s t i n g  t o  
note t h a t  the angle o f  attack f o r  CL,max remains essent ia l ly  constant (between 
45" and 50"). The associated var iat ions o f  p i t c h i n g  moment, however, being gen- 
e r a l  ly  and r a d i c a l l y  changing, indicate t h i s  angle-of-attack range probably 
would be a d i f f i c u l t  and undesirable area f o r  f l i g h t ,  from both handling qua l i -  
t i e s  and contro l  considerations. 

Increasing the angle o f  attack t o  60" o r  higher provided a stable vehicle, 
w i t h  s t a b i l i t y  increasing w i th  increasing angle o f  attack. This i s  in terest ing,  
since changes i n  o r b i t e r  longi tudinal  s t a b i l i t y  i n  normal f l i g h t  a t t i t u d e s  
(i.e., a < 30" are maximum i n  the Mach range from about 4 t o  0.90. 
1, ADDB.1- The i n d i c a t i o n  i s  t h a t  Xc 
t i v e l y  i nsens i t i ve  t o  changes i n  Mac\ number, a t  l e a s t  a t  supersonic speeds. 
These r e s u l t s  are s i m i l a r  t o  some l i m i t e d  high-angle-of-attack data taken a t  a 
Mach number o f  0.30. (See ref .  3 . )  The model used i n  reference 3, however, was 
sting-mounted and may have experienced some in ter ference ef fects.  S t i l l  the 
p o s s i b i l i t y  ex i s t s  t h a t  the vehicle may be s tab le a t  high angles o f  attack i n  
the Mach range o f  i n t e r e s t  i n  the overa l l  s tuQ (i.e., M = 0.30 t o  4.60). 

(See ref .  
a t  these high angles o f  attack i s  r e l a -  

With regard t o  the associated l i f t  and l i f t - d r a g  r a t i o  a t  these higher 
angles o f  attack, there are l i t t l e  o r  no changes i n  CL o r  L/D a t  a given angle 
o f  attack as the Mach number i s  increased. 
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Control Effectiveness.- The elevons and body f lap, i n d i v i d u a l l y  and i n  com- 
bination, provided s u f f i c i e n t  cont ro l  t o  t r i m  the vehic le i n  the stable angle- 
of-attack range o f  in terest ,  general ly from about 60" t o  80" f o r  a l l  v a l i d  Mach 
numbers (i.e., M = 1.8 t o  4.6; see figs. 9 and 10). This wide range o f  t r i m  
r e s u l t s  pr imar i ly  from "removal" of area behind the moment reference point, 
since there are only small losses i n  CL due t o  contro l  de f l ec t i on  and l i t t l e  
o r  no e f f e c t  on L/D. 

Figure 11 presents body-flap effectiveness fo r  a f i x e d  elevon s e t t i n g  a t  
Mach numbers > 3.00. The body f lap could be considered as a " t r i m  tab" t o  
maintain trim'about a given angle of attack dur ing f l i g h t ,  depending on which 
surface (elevons o r  body f l a p )  moves the fastest. 
t iveness i s  favorable f o r  the body flap, i n d i c a t i n g  about-a 10" angle-of-attack 
increment f o r  the  range o f  set t ings investigated. 

For a > 60", contro l  e f fec -  

Trimmed Characteristics.- A summary o f  the o r b i t e r  model h i  gh-angle-of- 
at tack trimmed character is t ics  i s  presented i n  f i g u r e  12. These data i nd i ca te  
the vehic le has a range o f  a t r im  from about 78" t o  62" a t  M = 4.60, t o  about 
78" t o  58" a t  M = 1.80, w i t h  p o s i t i v e  trimmed l i f t  and l i f t - t o - d r a g  r a t i o s  i n  
the Mach range o f  t h i s  invest igat ion.  Because o f  the wide range o f  avai lab le 
s tab le trimmed l i f t  and l i f t - t o - d r a g  r a t i o s  noted f o r  the vehicle, considerable 
range modulation should be avai lab le t o  the o r b i t e r  f l y i n g  i n  t h i s  high-angle- 
o f  -attack a t t i  tude. 

CONCLUDING REMARKS 

Results o f  a study t o  determine the Space Shu t t l e  Orb i te r  aerodynamic 
cha rac te r i s t i cs  a t  high angles o f  attack i n  the Mach number range grom 1.80 
t o  4.60, and a t  Reynolds numbers based on body length o f  2.15 x 10 and 4.30 x 
lo6, lead t o  the fo l lowing observations: 

1. The o r b i t e r  i s  l ong i tud ina l l y  s tab le and trimmable i n  the angle-of-attack 
range from approximately 60" t o  80". 

2. Both the elevon and body f l a p  i nd i ca te  p o s i t i v e  p i t c h  control  -effect iveness 
a t  the angles o f  attack (60" t o  80") and Mach numbers o f  t h i s  study. 

3. For the range o f  neutral- to-stable t r i m  i n  the angle o f  attack range above 
about 60" , the def lected elevon/body-flap combinations provide p o s i t i v e  
trimmed l i f t  and l i f t / d r a g  r a t i o s  a t  the Mach numbers o f  t h i s  study. 
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Figure 6 I -  Concluded. 
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